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Dopamine (DA) is critically involved in different functions of the central nervous system

(CNS) including control of voluntary movement, affect, reward, sleep, and cognition. One

of the key components of DA neurotransmission is DA reuptake by the DA transporter

(DAT), ensuring rapid clearance of DA from the synaptic cleft. Thus, lack of DAT leads

to persistent high extracellular DA levels. While there is strong evidence for a role of

striatal dopaminergic activity in learning and memory processes, little is known about

the contribution of DAT deficiency to conditional learning impairments and underlying

molecular processes. DAT-knockout (DAT-KO) rats were tested in a set of behavioral

experiments evaluating conditional associative learning, which requires unaltered striatal

function. In parallel, a large-scale proteomic analysis of the striatum was performed

to identify molecular factors probably underlying behavioral patterns. DAT-KO rats

were incapable to acquire a new operant skill in Pavlovian/instrumental autoshaping,

although the conditional stimulus–unconditional stimulus (CS-US) association seems

to be unaffected. These findings suggest that DAT directly or indirectly contributes

to the reduction of transference of incentive salience from the reward to the CS.

We propose that specific impairment of conditional learning might be caused by

molecular adaptations to the hyperdopaminergic state, presumably by dopamine

receptor 1 (DRD1) hypofunction, as proposed by proteomic analysis. Whether DRD1

downregulation can cause cognitive deficits in the hyperdopaminergic state is the subject

of discussion, and further studies are needed to answer this question. This study may

be useful for the interpretation of previous and the design of future studies in the

dopamine field.
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INTRODUCTION

Although dopamine (DA) neurons are comparatively few in
number (a total of around 400,000–600,000 in the human
brain (1–3), DA is critically involved in different functions of
the central nervous system related to the control of voluntary
movement, affect, reward, sleep, and cognition (4, 5). Relatively
small populations of the DA neurons, arising from the substantia
nigra pars compacta and the ventral tegmental area, modulate the
activity of the striatum, which is functionally coupled with the
frontal cortex and essential for different kinds of learning (6–13).
The dopaminergic modulation of frontostriatal circuit provides
the ability to adapt learning processes on an organism’s needs,
motivation, and reward history (14).

The DA transporter (DAT), a member of the Na+/Cl−-
dependent transporter family selectively expressed
in dopaminergic neurons, critically regulates DA
neurotransmission by transporting extracellular DA into the
intracellular space (15). Changes in DAT expression have been
reported in patients with a number of neuropsychiatric diseases
characterized by cognitive deficits including schizophrenia,
ADHD, and Parkinson’s disease (16–18). However, whether
these findings are essential for the pathogenesis of cognitive
disturbances is still unknown.

A strain of DAT-KO rats with a loss-of-function mutation
in the Slc6a3 gene was developed recently using a zinc finger
nuclease technology (19). Animals lacking DAT are characterized
by a high striatal concentration and persistent extracellular DA
but markedly reduced total tissue DA levels (19, 20). Peculiar
phenotypic features are linked to the changes in DA levels.
Comparable to DAT-KO mice (21), DAT-KO rats weigh less
than heterozygote (HT) and wild-type (WT) rats, demonstrating
dramatically increased locomotor activity and prominent motor
and oral stereotypies (19, 22). Mutant rats also display impaired
working memory (8), changes in learning an object recognition
task (23), and altered male sexual behavior (24).

Thus, the DAT-KO rats are a promising model for
studying frontostriatal DA pathway dysfunctions. However, the
conditional associative learning processes in the mutant rats
have not been studied yet as well as the molecular mechanisms.
Therefore, we aimed to evaluate the effect of DAT disruption
in the conditional associative learning process together with
striatal proteomic analysis. We report that DAT deficiency leads
to impairment of associative learning process that requires
an assignment of incentive salience to conditioned stimuli
(CS). These alterations occur with disturbances of synaptic
transmission, axo-dendritic transport and DA-binding processes
presumably related to DA receptor 1 (DRD1) downregulation.

METHODS

Animals
All experiments were performed in the animals originated
from the previously described rat strain with a loss-of-function
mutation of the DAT gene (19). Drug and experimentally naïve
male DAT-KO rats as well as their HT and WT littermates (2–
3 months old and weighing 200–400 g at the beginning of the

experiment) from the local colony of Pavlov Medical University
(PMU) were individually housed in TIIIH cages (Tecniplast,
Buguggiate, Italy) with wood-based animal bedding (Lignocel,
BK 8-15, JRS, J. Rettenmaier & Söhne Group, Rosenberg,
Germany) under a 12-h/12-h light/dark cycle (lights on at
08:00 h) at 21 ± 2◦C and 50 ± 20% humidity. The animals had
free access to filtered (“AQUAPHOR,” Saint Petersburg, Russia)
tap water. The cages, bedding, and water bottles were changed
once a week. We restricted the animal food consumption before
the start of the experiments so that their body weight decreased
approximately to 85% of the initial one. During the experiments,
the amount of food per day (15–16 g for WT and HT and 20 g
for DAT-KO) was set so that the body weight gain was limited by
2–3 g per week.

Behavioral Experiments
All behavioral experiments were carried out during the light
period of the light/dark cycle after at least 1 week of habituation to
the animal facility. Experimental protocols were approved by the
local Animal Care and Use Committee of PMU. The distribution
of rats in two experimental groups and the order of the tasks are
presented in Figure 1.

Apparatus
The experiments were performed in six standard modular
operant conditioning chambers for rats (interior dimensions:
30.5 × 24.1 × 29.2 cm; ENV-007, MED Associates Inc., East
Fairfeld, VT, USA) placed in ventilated, light-proof, and sound-
attenuated boxes with an electric fan providing air circulation and
a background white noise. A pellet tray (ENV-200R2MA) was set
up at 2 cm from the floor on the middle panel of the right (five
chambers) or the left (one chamber) wall. The tray was equipped
with a pair of nose-poke photobeam infrared sensors (ENV254-
CB). A pellet dispenser (ENV-203-45) was located outside of the
chambers, and 45-mg food pellets (P.J. Noyes Inc., Lancaster,
New Hampshire, USA) were delivered into the tray. A speaker
(ENV-223AM) was situated under the tray, and a white house
light (ENV-215M) was placed at the top of the middle panel.
Response devices, either retractable levers (model ENV-112BM;
PiAT) or nose-poke holes (model ENV-114AM; ANR), were
placed on the sides of the food tray.

Conditioned Magazine Approach
48 and 24H before the testing in the operant chamber, each rat
received 15 food pellets in the home cage to habituate them to
pellet consumption. We started the operant box test only when
the animals have eaten all the given pellets.

The experimental procedure was adapted from Choi et al. (25)
(Figure 2A). The start of an experimental session was indicated
by the house-light illumination. During each of the three daily
sessions, 28 pellets were delivered individually into the food tray
on the variable-time 70-s (30-110-s) schedule. Each food pellet
administration was paired with a sound stimulus (400ms, 78
dB). If a rat’s head was out of the tray during 10 s following the
pellet administration, the trial was scored as “omitted.” The total
number of omissions and the total number of tray entries were
controlled and recorded automatically by computer.
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FIGURE 1 | Design of behavioral testing.

FIGURE 2 | Conditional magazine approach task (A) revealed elevation in appetitive behavior indicated as more magazine entries made by mutants (B) without

affecting conditioning (number of omissions) (C). In the Pavlovian/instrumental autoshaping procedure, (D) DAT-KO rats displayed pronounced impairments

demonstrated by significantly reduced number of lever presses (E). Data are represented as violin plots with median (solid line) and 25th and 75th percentiles (dotted

lines) and points indicating each value. HL, house light; S, sound; FP, food pellet; ITI, intertrial interval; L+SL, lever + signal light; **p < 0.01, Dunn’s test.

Pavlovian/Instrumental Autoshaping
We used the experimental procedure adapted from the previous
work (26) (Figure 2D). The procedure included three daily
sessions. The house-light illumination indicated start of each
experimental session. The session consisted of 40 trials divided
by a variable inter-trial period, the duration of which was
on average 70 s (30-110 s). At the beginning of each trial, a
rat got a complex stimulus (the house light turning off, the
lever introduction into the operant chamber, and signal yellow
light above the lever). Assignment of levers (left/right) was
counterbalanced across subjects. The stimulus continued for 8 s
followed by food pellet delivery with a sound signal (400ms, 78
dB). However, if a rat pressed the lever, the complex stimulus
was ended (the house light turning on, the lever retraction,

and signal yellow light turning off) and the pellet was delivered
immediately. The number of the performed lever presses was
automatically recorded.

Acquisition of New Response Reinforced by CS
The experimental procedure was adapted from the previous
study (27) (Figures 3A,C). The rats underwent a 1-h session for
three consecutive days in order to familiarize with the operant
chamber and food pellets. The conditioning phase consisted of
ten sessions (one session per day). The subjects received 30
pairings of a complex 5-s stimulus (house light off, tray light,
and 78-dB sound on) followed by delivery of a food pellet within
the course of each session. The pairings were delivered on the
random time 30-s schedule. The animals did not have access to
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FIGURE 3 | Acquisition of new response reinforced by CS was disrupted in the DAT-KO rats. Although throughout the first stage (A) conditioning was unaffected (B),

during the test (C) active hole preference was lower for DAT-KO rats (G) without difference in responding in the “inactive” hole (F). Data are represented as mean ±

95% confidence interval (B) and violin plots with median (solid line) and 25th and 75th percentiles (dotted lines) and points indicating each value (D–H). TL, tray light;

*p < 0.05, ***p < 0.001, Dunn’s test.

the nose-poke openings during the habituation and conditioning
phases. During this phase, the PC recorded the total number of
magazine entries into the tray.

Following conditioning, we tested the animals in the
secondary reinforcement paradigm. In this phase, the rats finally
got access to nose-poke holes. The response into one hole
(“active”) resulted in the presentation of the 5-s complex stimulus
only (without food reward). Responding into the other one
(“inactive”) had no programmed consequences. The position
(left/right) of the “active” hole was counterbalanced across
subjects. The session lasted for 60 min.

We used the following parameters for the analysis: (1) the
total number of nose pokes into the holes, (2) the total number
of “active” nose-poke responses; (3) the total number of the
“inactive” nose-poke responses; (4) the response ratio as the
total number of the “active” nose-poke responses divided by the
total number of the “inactive” nose-poke responses; (5) the total
number of nose-poke responses into the magazine tray; and (6)
the total latency of tray check following stimulus administration.

Statistical Analysis
Non-parametric statistical methods [the Kruskal–Wallis test and
the mixed-design analysis of variance on ranked data (ANOVA)]
were used to analyze behavioral data. Dunn’s and Bonferroni’s
post-hoc tests were performed whenever significant results were
indicated by the abovementioned statistical methods. Alpha was
set at 0.05. SigmaPlot 12.5 (Systat Software Inc., San Jose, CA,

USA) or IBM SPSS Statistics 21 (IBM, Armonk, New York, USA)
were used for analysis.

Proteomics Quantification of Striatal
Fraction From DAT-KO and WT Rats
Different groups of naïve rats (DAT-KO and WT) were used
for proteomic analysis. The rats were exposed to carbon dioxide
and decapitated by guillotine. The brains were rapidly removed,
and the striatum was dissected on a Para Cooler (RWW
Medizintechnik, Hallerndorf, Germany) at 4◦C. The tissue was
immediately stored at −80◦C until proteomic analysis. Protein
sample preparation and LC-MS/MS was performed as previously
described (28). All homogenization and centrifugation steps
were carried out on ice and at 4◦C. Brain tissues were
homogenized in an ice-cold homogenization buffer [10mM
HEPES, pH 7.5, 300mM sucrose, 1× Protease Inhibitor
Cocktail (PIC, Roche Molecular Biochemicals, Pleasanton, CA,
USA)] using a Dounce homogenizer; the homogenate was
centrifuged at 1,000× g for 10min to remove cell debris
and nuclei, and the supernatant was collected. The pellet
was resuspended again in the homogenization buffer and
centrifuged at 1,000× g for 10min. The pooled supernatants
were then centrifuged at 15,000× g for 30min to obtain
the total membrane fraction enriched in synaptosomes and
mitochondria. The resulting pellets were washed with 10mM
HEPES, pH 7.5, PIC, and solubilized in 50mM TEAB buffer
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(Sigma-Aldrich), 7M urea, 2M thiourea, 4% CHAPS, 100mM
DTT, and PIC. The protein concentration was determined by
PierceTM 660-nm Protein Assay (Thermo Scientific, Waltham,
MA, USA).

Protein samples were digested 18 h with trypsin (Promega
Corporation, Madison, WI, USA) using filter-aided sample
preparation (FASP) (29) with 70 µg of protein per one reaction.
Tryptic peptides were desalted using reversed-phase C18 stage
tips (30) and reconstituted in 40 µl of 100mM TEAB (Sigma-
Aldrich, St. Louis, MO, USA). The actual amount of peptides
was determined by PierceTM Quantitative Fluorometric Peptide
Assay (Thermo Scientific). A volume corresponding to 6 µg
of peptides was transferred from each sample into separate
vial, dried at 30◦C (SpeedVac, Eppendorf, Framingham, MA,
USA), and reconstituted in 17 µl of 0.1% formic acid. The
peptides (5 µl injection volume) were separated by LC using the
following gradient of solvent A (2% acetonitrile, 0.1% TFA in
water) and solvent B (80% acetonitrile in 0.1% water) [0–7.2min
5% B; 7.2–230min 5%-30% B; 230–250min 30%-50% B; 250–
255min 90% B; 255–260min 5% B]. MS analysis was performed
by the Thermo ScientificTM Q ExactiveTM Plus Orbitrap mass
spectrometer (Thermo Scientific) in positive ion mode with
the following settings: full-scan MS in the range of m/z 350–
1500 at the resolution of 140,000 (at m/z 200). MS/MS scans
were acquired at the resolution of 17,500 (m/z 200) through
HCD fragmentation of 20 most intense ions at 27% normalized
collision energy with a fixed mass of 100 m/z.

Raw data were analyzed by MaxQuant 1.6.17.0 using the
Andromeda searching engine and LFQ algorithm (31). Data were
searched against Rattus norvegicus UniProt sequence database
(downloaded on March 29th, 2021; 29936 entries) using the
following search parameters: carbamidomethylation of cysteine
as fixed modification; oxidation of methionine and protein
N-terminal acetylation as variable modifications; trypsin as
proteolytic enzyme with maximal two missed cleavages; a second
peptide option used; 20 and 4.5 ppm of peptide mass error
tolerances for first search and second searches, respectively; and
a minimum of 7 aa per a peptides. For identification, parameters
were set to 0.01 PSM FDR, 0.01 protein FDR, and 0.01 site
decoy fraction.

Averaged values from technical replicates were used for
quantification. All data were analyzed by Perseus software
(32) as follows. The data set was filtered for proteins with a
minimum of 4 valid values (≥2 unique peptides) in at least one
group (DAT-KO orWT). LFQ intensities were log2-transformed,
and missing values were imputed using a downshifted normal
distribution (width 0.3, downshift 1.8). Protein groups with
p < 0.05 (unpaired t test) and fold change >1.5 were considered
significantly changed.

For the heat map, the log2-transformed LFQ intensities were
z-scored and the hierarchical clustering was computed using
the Euclidean distance (33). Gene ontology (GO) analysis was
performed using the ClueGO Cytoscape plug-in (34). ClueGO
parameters were set as indicated: Go Term Fusion selected; only
display pathways with p-values ≤ 0.05; GO tree interval 3–10
levels; GO termminimum # genes, 3; threshold of 4% of genes per
pathway. The statistical test used for the enrichment was based on

the right-sided hypergeometric test with a Benjamini–Hochberg
correction and kappa score of 0.4.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (35) partner
repository with the dataset identifier PXD028157.

RESULTS

Behavioral Experiments
Pavlovian Conditioning Seems to Be Unaffected in

DAT-KO Rats
All rats were successfully habituated to food pellet consumption
and ate all pellets while being tested in the operant boxes.

Due to the program inaccuracies in counting omissions, part
of data was excluded from analysis of this parameter, whereas
the number of magazine entries was not affected. The number
of omissions decreased from the 1st to the 3rd day, meaning
that animals from all three groups learned the task (Figure 2C).
Statistical analysis (mixed-design ANOVA on ranks) revealed
the significant main effect of factor “day” [F(2,50) = 155.9, p <

0.001; Bonferroni’s test: 1st vs. 2nd day, 1st vs. 3rd day, 2nd vs.
3rd day p < 0.001]. However, no differences were found among
the different genotypes [F(2,37) = 1.9, p = 0.16]. The analysis
also failed to reveal the significant effects of factors “day” and
“genotype” interaction [F(4,50) = 0.14, p= 0.97].

Throughout training days, the number of magazine entries
increased [the effect of factor “day”: F(2,64) = 12.7, p < 0.001]
with the greater number of those observed on the 2nd and
3rd days (Bonferroni’s test: 1st vs. 2nd day, 1st vs. 3rd day
p < 0.01) (Figure 2B). Moreover, the number of entries was
affected by genotype [the effect of the factor “genotype”: F(2,54)
= 3.9, p < 0.05]. The DAT-KO rats performed significantly more
entries than the WT rats (Bonferroni’s test: p < 0.05). However,
no significant interaction between “day” and “genotype” factors
could be detected [F(4,64) = 0.6, p= 0.67].

Impaired Pavlovian/Instrumental Autoshaping in

DAT-KO Rats
We observed an apparent difference between the different
genotypes in the number of lever presses (Figure 2E). While
the number of the WT and HT rats’ responses increased from
the 1st to 3rd days of training, the number of the DAT-KO
rats lever pressing was consistently lower; none of the mutant
animals performed more than five responses during any session.
Statistical analysis (mixed design ANOVA on ranks) revealed
a significant main effect of days [p(2,51) = 9.5, p < 0.001;
Bonferroni’s test: 1st vs. 3rd day p < 0.001] and the significant
main effect of genotype [F(2,46) = 11.8, p < 0.001; Bonferroni’s
test: DAT-KO vs. WT and HT p < 0.01]. We did not find any
significant interaction between days and genotype [F(4,51) = 1.9,
p= 0.13].

Acquisition of New Response Reinforced by CS Is

Disrupted in Rats Lacking the DAT
All animals successfully proceed to the Pavlovian conditioning.
During the conditioning stage, DAT-KO rats did not show
differences in the total number of magazine entries (mixed design
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ANOVA on ranks: “genotype” F(2,27) = 1.2, p = 0.3; “day” F(9,39)
= 1.6, p = 0.17; “genotype” by “day” interaction F(18,39) = 1.2,
p= 0.3; Figure 3B) compared to HET and WT.

However, we found a genotype effect in the secondary
reinforcement paradigm. In the test session, DAT-KO rats
exhibited a lower number of responses in both holes (H-test:
H = 13.3, df = 2, p < 0.01; Dunn’s test: DAT-KO vs. WT and
DAT-KO vs. HT p < 0.01; Figure 3D). Notably, DAT KO rats
displayed significantly less responses in the “active” hole than
both the HT and WT littermates [the Kruskal–Wallis test (H-
test): H = 13.2, df = 2, p = 0.001; Dunn’s test: DAT-KO vs. WT
and DAT-KO vs. HT p < 0.05; Figure 3E]. The lack of DAT did
not affect responses into the “inactive” hole (H-test: H= 5.6, df=
2, p = 0.06; Figure 3F). The WT and HT rats, but not the DAT-
KO littermates, preferentially visited the active hole as shown
by the ratio of “active” responses/”inactive” responses (H-test:
H = 15.6, df = 2, p < 0.001; Dunn’s test: DAT-KO vs. WT and
DAT-KO vs. HT p < 0.05; Figure 3G). For the DAT-KO rats, the
number of magazine entries was significantly higher (H-test: H=

12.3, df= 2, p < 0.01; Dunn’s test: DAT-KO vs. WT p < 0.05 and
DAT-KO vs. HT p < 0.01) (Figure 3H).

Proteomic Results
Label-free quantification was used to identify proteomic
differences in the striatum between the DAT-KO and WT
rats (n = 5). A total number of 2,210 protein entries were
unambiguously identified and used for quantification (>2 unique
peptides in at least 4 biological replicates in at least 1 group). A
total number of 126 protein groups were significantly different
between treatment groups (p< 0.05, fold-change> 1.5). Of these,
108 proteins were downregulated and 18 proteins upregulated
in the DAT-KO compared to the WT animals (Figure 4A).
Four proteins, including DAT (Slc6a3), were identified only in
one group. A hierarchical clustering heatmap shows differently
expressed proteins in all samples (Figure 4B). All significantly
different proteins between treatment groups are listed in the
Supplementary Table 1.

To translate proteomic differences in the DAT-KO into
functional consequences, functional enrichment analysis
with significantly different proteins was performed using the
Cytoscape plug-in ClueGo (Figure 4C). Forty four significantly
enriched GO terms were categorized via their shared genes
into 20 GO groups. As expected, DA-related processes were
altered in the DAT-KO rats. Moreover, altered proteins were
enriched in axo-dendritic transport, postsynaptic modulation
of chemical synaptic transmission, regulation of receptor-
mediated endocytosis, etc., whereas the majority of associated
proteins were downregulated in the rats with the lack of DAT.
All significantly enriched GO terms and identified associated
proteins are listed in the Supplementary Table 1.

DISCUSSION

In the present study, we applied different approaches to evaluate
conditional associative learning processes in DAT-KO rats. We
observed that the DAT-KO rats are characterized by impaired
capability to learn new stimulus–response associations. The

behavioral alteration here reported might be caused by specific
molecular adaptations (first of all, DRD1 downregulation) as
revealed in the DAT-KO rats’ striatum by proteomic analysis.

Hyperdopaminergia Is Associated With
Specific Impairments of Conditional
Learning
We used the conditioned magazine approach task to assess
the ability of the rats to associate conditioned (CS) and
unconditioned (US) stimuli. We did not detect any differences
in the number of omissions between the KO and control (WT
and HT) animals at any experimental day. The number of
omissions decreased in all three groups from the 1st to the 3rd
session/day; thus, Pavlovian conditioning seems to be unaffected
by the depletion of DAT in rats. The elevation in goal-directed
performance (the increased number of the magazine entries)
might support the ideas of an altered inhibitory control and of
an increased “wanting” of the DAT-KO rats, described previously
in hyperdopaminergic mice (36, 37). We can speculate that
the unchanged number of omissions is possibly due to these
phenomena and do not necessarily demonstrate the absence of
cognitive impairments.

In line with previous studies (37), we observed an increased
number of magazine entries in DAT-KO rats. This increase can
be due to DAT-KO hyperactivity (19). However, it may also
be linked to enhanced acquisition of conditioned responding
associated with increased DA brain levels. For example, Phillips
et al. reported that DAT inhibition by administration of d-
amphetamine in the nucleus accumbens resulted into the
facilitation of appetitive Pavlovian conditioning (38).

The Pavlovian/Instrumental autoshaping task is an
informative tool for evaluation of learning and memory
processes in rodents (39). In the present study, the DAT-KO rats
were completely unable to acquire a new operant skill in this task.
Taking into account the unaltered (or even facilitated) DAT-KO
rat US-CS association, we hypothesize that DAT depletion
and related decreased DRD1 levels can set the goal-tracking
(magazine approach) strategy represented by interactions
with the reward tray during the CS. It has been proposed
that stimulus–reward associations that produce different CRs
are mediated by different neural circuitries (40). An intact
DA transmission is generally required only for sign-tracking
strategy in which the reward cue acquires powerful motivational
properties (40). Thus, alteration of DA signaling in the DAT-
KO rats seems to reduce the transfer of incentive salience
from the reward to the CS. Nevertheless, we cannot exclude
other explanations, like meaning of the previous Conditioned
magazine approach task experience.

Flagel et al. (41) showed that novelty-seeking behaviors can
be predictive for a behavioral strategy involved in Pavlovian
conditioning: high responders to novelty consistently learn a
sign-tracking CR whereas low responders to novelty consistently
learn a goal-tracking CR. However, there are controversial studies
for the DAT-KO rats in novelty detection (23, 42).

The findings in the Pavlovian/Instrumental autoshaping task
might be explained by both impaired incentive salience
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FIGURE 4 | Enriched synaptosomal striatal fractions from DAT-KO rats and WT were subjected to label-free quantitative proteomic analysis. (A) A volcano plot

showing proteins upregulated (green) and downregulated (red) in the DAT-KO group compared to WT (p < 0.05, fold-change > 1.5). The protein groups in the upper

middle section (black) are those which fulfilled the requirement for the p-value cut-off (p < 0.05) but did not match the fold-change cutoff. (B) A hierarchical clustering

heatmap is presented for the differentially expressed proteins (p < 0.05, fold change > 1.5; n = 5). (C) The clustered network map of enriched gene ontology (GO)

Biological Processes and Molecular Function terms on the list of significantly altered proteins between the groups. Enriched GO terms consisting of various related

genes are depicted as nodes. The FDR q-value of each GO-term is color-coded. Displayed GO terms are the most significant cases from significantly enriched

clusters. The connectivity (edges) between the terms in a functionally grouped network is derived from kappa score, which indicates the similarity of associated genes

shared by different terms. (D) The violin plots show protein expression levels of representative differently expresses proteins.

assignment and disturbances of instrumental behavior
acquisition in the KO animals. To discriminate about them,
we evaluated the ability of CS to get reinforcing properties by
itself (i.e., to become a secondary/conditioned reinforcement
and get incentive value) in rats. This process seems to be
dramatically disrupted in the DAT-KO rats. It is worth noting
that CS can acquire incentive value only in “sign-trackers” (43),
so these results are in accordance with output of the previous
test. Moreover, DAT-KO rats did not differ from their WT
and HT littermates in the number of magazine entries during
conditioning stage. These findings support the result of the
conditioned magazine approach task and allow us to exclude
unsuccessful Pavlovian conditioning in the rats. Interestingly,
mice with decreased levels of DAT did not demonstrate
impairments in the Pavlovian-to-instrumental transfer task (37).
This discrepancy can be explained by differences in the degree

of DAT expression (0% in the KO rats vs. 10% in the KD mice)
associated with a corresponding different increase in synaptic
DA concentration (2- vs. 5–7-fold), as well as by different
experimental methods or differences between the rodents tested.

Taken together, our behavioral findings demonstrate that
the associative learning seems to be very sensitive to DA
neurotransmission induced by the DAT depletion.

Our data could also have a translational value: patients with
schizophrenia, characterized by prefrontal DA hypofunction and
striatal DA hyperfunction (44), are not able to differentiate
between salient and non-salient stimuli (45). In the same study,
patients demonstrated to still have CS–US conditioning (45).
Moreover, the administration of dopaminomimetics seems to
be able to disorganize salience in similar ways. Therefore, the
DA agonists (pramipexole or ropinirole)-treated patients with
Parkinson’s disease demonstrated that the aberrant salience
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assignment resulted in an irrelevant CS–US association (46).
Intriguingly, the authors of this study failed to find some
distinction in salience attribution between the non-treated
patients with nigrostriatal DA hypofunction and controls.

It is worthy to note that the Pavlovian/instrumental
autoshaping task and the acquisition of a new response reinforced
by the CS task appear to be less sensitive to motor dysfunctions
than the conditioned magazine approach task because of the
prolonged habituation to experimental settings. Nevertheless, we
cannot exclude the significance of this factor that can limit the
theoretical value of the results.

DAT Deficiency Is Accompanied by Striatal
Protein Changes
The impaired behavioral performance was associated with
modifications in striatal protein expression closely related to
learning and memory mechanisms (i.e., synaptic transmission,
axo-dendritic transport, and DA-binding processes).

The DAT-KO animals show major changes in the DA
system, including altered DA synthesis, high extracellular DA
levels, and impaired DA receptor density (47). Dopaminergic
neurotransmission begins at the biosynthesis step, with tyrosine
hydroxylase (TH) the rate-limiting enzyme for DA biosynthesis.
As previously demonstrated (48, 49), here we show that DAT
loss is associated with decreased TH protein levels (Figure 4D).
Moreover, inDATKO rats, we also found decreased protein levels
of DOPA decarboxylase, the enzyme responsible for the synthesis
of DA from L-DOPA (Figure 4D). It is well known that increased
extracellular DA amount can inhibit DA synthesis through its
autoreceptor activation by at least 50% (50).

Next, DRD1 protein expression was significantly decreased in
DAT-KO compared to WT (Figure 4D). These results confirm
previous studies on DAT-KO rats and mice (19, 51). Receptor
internalization is often observed in condition of elevated levels
of extracellular DA or DA receptor agonism (51, 52) and
other brain regions (53). The DRD1-reduced expression may
be also responsible for the developmental changes in the DAT-
KO rats. Illiano et al. (54) found alterations in prefrontal
cortex neurotransmission, signs of neurodegeneration, and glial
activation during early adolescence in the rats with the lack
of DAT.

DRD1 hypofunction might explain the impaired performance
of the DAT-KO rats in the Pavlovian/Instrumental autoshaping
task since the sign-tracking strategy was shown to be under
the control of DRD1-expressing neurons (55). DRD1 inhibition
specifically prevents the acquisition of the sign-tracking to a
lever, instead promoting the goal-tracking strategy (56), probably
through degradation of the motivational properties of the CS,
which are required for the CS to become attractive. However,
DRD2 may also play a role in the sign-tracking behavior
acquisition as indicated by disrupted conditioned responding
in both goal- and sign-trackers following D2/D3 agonist
and antagonist treatments (43). DRD2/3 agonist 7-OH-DPAT
attenuated the reinforcing properties of a lever in sign-trackers
(43), which also suggest the DRD2/3-dependent disruption
of incentive value acquisition in the hyperdopaminergic state.
Decreased levels of DRD2 have been detected in DAT-KO rats

(19); however, we were not able to unambiguously quantify
DRD2 levels.

In terms of dopaminergic signaling, fragile X mental
retardation protein (FMRP) has been shown to be critically
involved in modulation of DRD1-mediated inhibition in the
prefrontal cortex (57) and serves as a mediator of cocaine-
induced behavioral and synaptic plasticity in NAc (58). In the
current study, the protein levels of FMRP were decreased in the
mutant animals (Figure 4D).

Moreover, some studies highlighted the possibility that DA is
involved in oligodendrocyte development and myelin formation,
in particular through DRD2 or DRD3. Chronic treatment
with the DRD2 antagonist haloperidol reduces the expression
of myelin protein in mice (59), whereas activation of DRD2
increases the number of oligodendrocyte progenitor cells. The
increased levels of major myelin proteins (Mbp, Mag, and Mog)
in DAT-KO may indicate augmented myelination as a result of
hyperdopaminergic conditions.

Impairment of autophagy, a major eukaryotic cell clearing
machinery, may occur following abnormal stimulation of DA
receptors (60). Pharmacological inhibition of DAT is known to
consistently alter the autophagy machinery, whereas behavioral
and neurotoxic effects can be overcome be autophagy blockade
(61, 62). In the present study, hyperdopaminergic DAT-KO rats
had detectably altered autophagy processes. However, it remains
to be shown if the changes of individual proteins from a striatal
comparative proteome are causally involved in the behavioral
pattern of DAT-KO animals.

CONCLUSION

Taken together, our behavioral findings demonstrate that the
acquisition of new operant responses related to CS seems
to be very sensitive to alterations of DA neurotransmission
induced by the DAT depletion. The mechanisms underlying
these findings are still elusive. However, we can speculate that
hyperdopaminergic conditions result in the aberrant assignment
of motivational salience to stimuli. Based on proteomic
quantification results, we can propose that the downregulation
of DRD1 could be responsible for the behavioral alterations
here reported.
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29. Wiśniewski JR, Zougman A, Mann M. Combination of FASP and stagetip-

based fractionation allows in-depth analysis of the hippocampal membrane

proteome. J Proteome Res. (2009) 8:5674–8. doi: 10.1021/pr900748n

30. Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification,

enrichment, pre-fractionation and storage of peptides for proteomics using

stagetips. Nat Protoc. (2007) 2:1896–906. doi: 10.1038/nprot.2007.261

Frontiers in Psychiatry | www.frontiersin.org 9 March 2022 | Volume 13 | Article 799433

https://www.frontiersin.org/articles/10.3389/fpsyt.2022.799433/full#supplementary-material
https://doi.org/10.1007/BF01248996
https://doi.org/10.1136/jnnp.54.1.30
https://doi.org/10.1016/j.ydbio.2013.04.014
https://doi.org/10.1124/pr.110.002642
https://doi.org/10.1007/s10571-018-0632-3
https://doi.org/10.1002/hipo.22492
https://doi.org/10.1007/s00213-019-05221-3
https://doi.org/10.1016/j.bbr.2020.112642
https://doi.org/10.1126/sciadv.1501672
https://doi.org/10.1523/JNEUROSCI.1656-06.2006
https://doi.org/10.1016/S0166-4328(03)00218-3
https://doi.org/10.1073/pnas.0807746105
https://doi.org/10.1016/j.neuron.2016.10.029
https://doi.org/10.1007/s00702-016-1510-0
https://doi.org/10.1038/s41531-021-00161-2
https://doi.org/10.1007/s002590000330
https://doi.org/10.1038/tp.2016.257
https://doi.org/10.3390/cells8080872
https://doi.org/10.1523/JNEUROSCI.1931-17.2018
https://doi.org/10.1073/pnas.95.7.4029
https://doi.org/10.1038/379606a0
https://doi.org/10.3390/biom10060842
https://doi.org/10.3389/fnbeh.2021.654469
https://doi.org/10.3389/fnbeh.2020.00058
https://doi.org/10.1523/JNEUROSCI.1498-05.2005
https://doi.org/10.1016/S0166-4328(97)87580-8
https://doi.org/10.1007/s00213-003-1702-9
https://doi.org/10.3389/fnagi.2019.00198
https://doi.org/10.1021/pr900748n
https://doi.org/10.1038/nprot.2007.261
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Savchenko et al. DAT: Conditional Associative Learning, Proteomics

31. Cox J, Mann M. MaxQuant enables high peptide identification rates.

individualized ppb-range mass accuracies and proteome-wide protein

quantification. Nat Biotechnol. (2008) 26:1367–72. doi: 10.1038/nbt.1511

32. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, et al. The

perseus computational platform for comprehensive analysis of (prote)omics

data. Nat Methods. (2016) 13:731–40. doi: 10.1038/nmeth.3901

33. Babicki S, Arndt D, Marcu A, Liang Y, Grant JR, Maciejewski A, et al.

Heatmapper: web-enabled heat mapping for all. Nucleic Acids Res. (2016)

44:W147–53. doi: 10.1093/nar/gkw419

34. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A,

et al. ClueGO: a cytoscape plug-in to decipher functionally grouped gene

ontology and pathway annotation networks. Bioinformatics. (2009) 25:1091–

3. doi: 10.1093/bioinformatics/btp101

35. Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana S,

Kundu DJ, et al. The PRIDE database and related tools and resources in

2019: improving support for quantification data. Nucleic Acids Res. (2019)

47:D442–50. doi: 10.1093/nar/gky1106

36. Peciña S, Cagniard B, Berridge KC, Aldridge JW, Zhuang X.

Hyperdopaminergic mutant mice have higher “wanting” but

not “liking” for sweet rewards. J Neurosci. (2003) 23:9395–

402. doi: 10.1523/JNEUROSCI.23-28-09395.2003

37. Yin HH, Zhuang X, Balleine BW. Instrumental learning in

hyperdopaminergic mice. Neurobiol Learn Mem. (2006) 85:283–

8. doi: 10.1016/j.nlm.2005.12.001

38. Phillips GD, Setzu E, Hitchcott PK. Facilitation of appetitive

pavlovian conditioning by d-amphetamine in the shell, but not

the core, of the nucleus accumbens. Behav Neurosci. (2003)

117:675–84. doi: 10.1037/0735-7044.117.4.675

39. Meneses A. A pharmacological analysis of an associative learning task: 5-HT 1

to 5-HT7 receptor subtypes function on a Pavlovian/instrumental autoshaped

memory. Learn Mem. (2003) 10:363–72. doi: 10.1101/lm.60503

40. Flagel SB, Clark JJ, Robinson TE, Mayo L, Czuj A, Willuhn I, et al. A

selective role for dopamine in stimulus-reward learning. Nature. (2011)

469:53–9. doi: 10.1038/nature09588

41. Flagel SB, Robinson TE, Clark JJ, Clinton SM, Watson SJ, Seeman P, et

al. An animal model of genetic vulnerability to behavioral disinhibition

and responsiveness to reward-related cues: implications for addiction.

Neuropsychopharmacology. (2010) 35:388–400. doi: 10.1038/npp.2009.142

42. Adinolfi A, Carbone C, Leo D, Gainetdinov RR, Laviola G, Adriani W.

Novelty-related behavior of young and adult dopamine transporter knockout

rats: implication for cognitive and emotional phenotypic patterns. Genes,

Brain Behav. (2018) 17:e12463. doi: 10.1111/gbb.12463

43. Fraser KM, Haight JL, Gardner EL, Flagel SB. Examining the role of dopamine

D2 and D3 receptors in pavlovian conditioned approach behaviors. Behav

Brain Res. (2016) 305:87–99. doi: 10.1016/j.bbr.2016.02.022

44. McCutcheon RA, Abi-Dargham A, Howes OD. Schizophrenia, dopamine and

the striatum: from biology to symptoms. Trends Neurosci. (2019) 42:205–

20. doi: 10.1016/j.tins.2018.12.004

45. Diaconescu AO, Jensen J, Wang H, Willeit M, Menon M, Kapur

S, et al. Aberrant effective connectivity in schizophrenia patients

during appetitive conditioning. Front Hum Neurosci. (2010)

4:239. doi: 10.3389/fnhum.2010.00239

46. Nagy H, Levy-Gigi E, Somlai Z, Takáts A, Bereczki D, Kéri S. The effect of

dopamine agonists on adaptive and aberrant salience in Parkinson’s disease.

Neuropsychopharmacology. (2012) 37:950–8. doi: 10.1038/npp.2011.278

47. Efimova EV, Gainetdinov RR, Budygin EA, Sotnikova TD. Dopamine

transporter mutant animals: a translational perspective. J Neurogenet. (2016)

30:5–15. doi: 10.3109/01677063.2016.1144751

48. Jaber M. Differential regulation of tyrosine hydroxylase in the basal ganglia

of mice lacking the dopamine transporter. Eur J Neurosci. (1999) 11:3499–

511. doi: 10.1046/j.1460-9568.1999.00764.x

49. Salvatore MF, Calipari ES, Jones SR. Regulation of tyrosine hydroxylase

expression and phosphorylation in dopamine transporter-deficient mice. ACS

Chem Neurosci. (2016) 7:941–51. doi: 10.1021/acschemneuro.6b00064

50. Best JA, Nijhout HF, Reed MC. Homeostatic mechanisms in dopamine

synthesis and release: a mathematical model. Theor Biol Med Model. (2009)

6:1–20. doi: 10.1186/1742-4682-6-21

51. Fauchey V, Jaber M, Caron MG, Bloch B, Le Moine C. Differential regulation

of the dopamine D1, D2 and D3 receptor gene expression and changes in the

phenotype of the striatal neurons in mice lacking the dopamine transporter.

Eur J Neurosci. (2000) 12:19–26. doi: 10.1046/j.1460-9568.2000.00876.x

52. Dumartin B, Caillé I, Gonon F, Bloch B. Internalization of D1

dopamine receptor in striatal neurons in vivo as evidence of

activation by dopamine agonists. J Neurosci. (1998) 18:1650–

61. doi: 10.1523/JNEUROSCI.18-05-01650.1998

53. Goggi JL, Sardini A, Egerton A, Strange PG, Grasby PM. Agonist-

dependent internalization of D2 receptors: imaging quantification by confocal

microscopy. Synapse. (2007) 61:231–41. doi: 10.1002/syn.20360

54. Illiano P, Leo D, Gainetdinov RR, Pardo M. Early adolescence prefrontal

cortex alterations in female rats lacking dopamine transporter. Biomedicines.

(2021) 9:1–16. doi: 10.3390/biomedicines9020157

55. Macpherson T, Hikida T. Nucleus accumbens dopamine D1-receptor-

expressing neurons control the acquisition of sign-tracking to conditioned

cues in mice. Front Neurosci. (2018) 12:418. doi: 10.3389/fnins.2018.00418

56. Chow JJ, Nickell JR, Darna M, Beckmann JS. Toward

isolating the role of dopamine in the acquisition of incentive

salience attribution. Neuropharmacology. (2016) 109:320–

31. doi: 10.1016/j.neuropharm.2016.06.028

57. Paul K, Venkitaramani DV, Cox CL. Dampened dopamine-mediated

neuromodulation in prefrontal cortex of fragile X mice. J Physiol. (2013)

591:1133–43. doi: 10.1113/jphysiol.2012.241067

58. Smith LN, Jedynak JP, Fontenot MR, Hale CF, Dietz KC, Taniguchi

M, et al. Fragile X mental retardation protein regulates synaptic and

behavioral plasticity to repeated cocaine administration. Neuron. (2014)

82:645–58. doi: 10.1016/j.neuron.2014.03.028

59. Narayan S, Kass KE, Thomas EA. Chronic haloperidol treatment results in

a decrease in the expression of myelin/oligodendrocyte-related genes in the

mouse brain. J Neurosci Res. (2007) 85:757–65. doi: 10.1002/jnr.21161

60. Wang D, Ji X, Liu J, Li Z, Zhang X. Dopamine receptor subtypes differentially

regulate autophagy. Int J Mol Sci. (2018) 19:1540. doi: 10.3390/ijms19051540

61. Harraz MM, Guha P, Kang IG, Semenza ER, Malla AP, Song YJ,

et al. Cocaine-induced locomotor stimulation involves autophagic

degradation of the dopamine transporter. Mol Psychiatry. (2021)

26:370–82. doi: 10.1038/s41380-020-00978-y

62. Limanaqi F, Busceti CL, Celli R, Biagioni F, Fornai F. Autophagy as

a gateway for the effects of methamphetamine: from neurotransmitter

release and synaptic plasticity to psychiatric and neurodegenerative

disorders. Prog Neurobiol. (2021) 204:102112. doi: 10.1016/j.pneurobio.2021.1

02112

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Savchenko, Müller, Lubec, Leo, Korz, Afjehi-Sadat, Malikovic,

Sialana, Lubec and Sukhanov. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org 10 March 2022 | Volume 13 | Article 799433

https://doi.org/10.1038/nbt.1511
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1093/nar/gkw419
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1523/JNEUROSCI.23-28-09395.2003
https://doi.org/10.1016/j.nlm.2005.12.001
https://doi.org/10.1037/0735-7044.117.4.675
https://doi.org/10.1101/lm.60503
https://doi.org/10.1038/nature09588
https://doi.org/10.1038/npp.2009.142
https://doi.org/10.1111/gbb.12463
https://doi.org/10.1016/j.bbr.2016.02.022
https://doi.org/10.1016/j.tins.2018.12.004
https://doi.org/10.3389/fnhum.2010.00239
https://doi.org/10.1038/npp.2011.278
https://doi.org/10.3109/01677063.2016.1144751
https://doi.org/10.1046/j.1460-9568.1999.00764.x
https://doi.org/10.1021/acschemneuro.6b00064
https://doi.org/10.1186/1742-4682-6-21
https://doi.org/10.1046/j.1460-9568.2000.00876.x
https://doi.org/10.1523/JNEUROSCI.18-05-01650.1998
https://doi.org/10.1002/syn.20360
https://doi.org/10.3390/biomedicines9020157
https://doi.org/10.3389/fnins.2018.00418
https://doi.org/10.1016/j.neuropharm.2016.06.028
https://doi.org/10.1113/jphysiol.2012.241067
https://doi.org/10.1016/j.neuron.2014.03.028
https://doi.org/10.1002/jnr.21161
https://doi.org/10.3390/ijms19051540
https://doi.org/10.1038/s41380-020-00978-y
https://doi.org/10.1016/j.pneurobio.2021.102112
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	The Lack of Dopamine Transporter Is Associated With Conditional Associative Learning Impairments and Striatal Proteomic Changes
	Introduction
	Methods
	Animals
	Behavioral Experiments
	Apparatus
	Conditioned Magazine Approach
	Pavlovian/Instrumental Autoshaping
	Acquisition of New Response Reinforced by CS
	Statistical Analysis

	Proteomics Quantification of Striatal Fraction From DAT-KO and WT Rats

	Results
	Behavioral Experiments
	Pavlovian Conditioning Seems to Be Unaffected in DAT-KO Rats
	Impaired Pavlovian/Instrumental Autoshaping in DAT-KO Rats
	Acquisition of New Response Reinforced by CS Is Disrupted in Rats Lacking the DAT

	Proteomic Results

	Discussion
	Hyperdopaminergia Is Associated With Specific Impairments of Conditional Learning
	DAT Deficiency Is Accompanied by Striatal Protein Changes

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


